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Gas-injection enhanced oil recovery (EOR) has good displacement efﬁciency but poor sweep efﬁciency.
Foam can improve sweep efﬁciency in these processes, but its direct injection would not be practical due
to its poor injectivity. Field results suggest that the well injectivity can be improved if gas and surfactant
solution are injected in alternating slugs, leading to foam creation inside porous medium as gas and
surfactant intermingle in situ. This process, referred to as Surfactant Alternating Gas (SAG), aims at
reducing gas mobility at the displacement front. Behind the front, because of low water saturation, foam
collapses (partially or completely); thus, gas mobility gradually increases to its original mobility at the
injection well. This can potentially lead to ﬁngering of the highly-mobile gas into the region with low-
mobility gas in the form of foam.
To the best of our knowledge this phenomenon has not been investigated in the literature, apparently
due to poor grid resolutions employed in the numerical simulations and/or focus on other parameters,
from which it is difﬁcult to infer instabilities. In this paper we use an implicit-texture foam model to
simulate a SAG process with ﬁne grid resolution. The magnitude of the instabilities decreases with
weaker foam, coarser grid resolution, increasing diffusion, and inclusion of capillary pressure, suggesting
that ﬁngering reﬂects the intrinsic physics of the process: it is not a numerical artifact.
In a successful SAG process, as long as there is enough surfactant ahead of the gas bank to form a
region with low mobility, the ﬂuid ahead of it is efﬁciently displaced (i.e., stable front exists). In nu-
merical simulations, however, there are extremely low discrete mobility values in grid blocks located at
the front. In such a process, there can be ﬁngering within the foam bank (unstable displacement), while
the foam front itself appears relatively stable. Further studies are required to verify the extent to which
simulations of ﬁngering reﬂect numerical artifacts at the front. These results have practical implications,
especially in calculation of the well injectivity and design of optimum slug size and foam strength in a
SAG process.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
1.1. Foam for sweep improvement
Gas is an ideal ﬂuid to improve oil recovery; it has high
displacement (or microscopic sweep) efﬁciency and can be injected
at very high rates with no major injectivity issue. However, under
reservoir conditions, gases often have lower density and viscositylogy, The Netherlands.
eh).
B.V. This is an open access articlethan oil and as a result injection of gas in practice leads to bypassing
of most of the in-situ oil and premature breakthrough of the gas.
This situation is further exacerbated when spatial variations in rock
properties (especially permeability) are signiﬁcant (Lake et al.,
2014).
Foam has been suggested for a long time to improve the above-
mentioned problems with gas injection (Falls et al., 1988;
Wellington and Vinegar, 1988; Hirasaki and Lawson, 1985;
Hirasaki, 1989; Rossen, 1996; Simjoo et al., 2013; Andrianov et al.,
2012). The aim is to control the gas mobility by creating lamellae
(foam ﬁlms) along the gas ﬂow paths in the porous medium. The
lamellae are stabilized by surface-active material, such asunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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formation of foam, part of the gas is diverted into the oil-rich part of
the reservoir and the volumetric sweep is improved (Li et al., 2010).
There are two main injection strategies in EOR ﬁeld projects
related to foam. These are co-injection of gas and liquid, and sur-
factant alternating gas (SAG) injection. In the ﬁrst strategy the gas
and the liquid are co-injected at a ﬁxed foam quality (i.e. gas vol-
ume fraction of injection ﬂuids). In the SAG scheme alternating
slugs of surfactant solution and gas are injected into the reservoir.
Foam is formed where gas and a sufﬁcient amount of surfactant
come in contact in the porous medium (Rossen, 1996; Farajzadeh
et al., 2009, 2010; Rossen and Boeije, 2015). Injection of foam in
the SAG mode is more favorable on the ﬁeld scale when foam is
applied to provide mobility control because of (1) improved
injectivity upon alternating injection of gas and surfactant solution
(Liu et al., 2009), and (2) reduced risk of corrosion and risks related
to material compatibility because of separate injection of the gas
and the liquid (especially in acid- and sour-gas projects). In the
Norwegian Snorre ﬁeld the SAG-foam tests were conducted
without any major problem while the co-injection of foam was
hampered by operational problems that resulted in unstable
injectivity (Svortol et al., 1996; Blaker et al., 1999). Operationally,
the SAG process is similar to a water alternating gas process (WAG)
and requires little additional effort (Wellington and Vinegar, 1988;
Turta and Singhal, 1998; Svortol et al., 1996; Aarra et al., 2002).
The efﬁciency of foam in improving oil recovery, to a large
extent, depends on its longevity in the reservoir, a process
controlledmainly by capillary pressure (Khatib et al., 1988; Kovscek
and Radke, 1994; Rossen and Zhou, 1995; Lotfollahi et al., 2016).
Above a certain value of the capillary pressure, called the limiting
capillary pressure (Pc*), lamellae become too thin and eventually
break. Since capillary pressure in porous media is related to water
saturation, foam collapses when water saturation drops below the
limiting water saturation, Sw* . Pc* is a function of the reservoir prop-
erties (e.g. permeability, wettability, etc.) and the surfactant
formulation (e.g., surfactant type and concentration, salinity,
hardness, etc.), among other parameters (Khatib et al., 1988).
In an oil-free porous medium, foam exhibits two ﬂow regimes
under steady-state conditions (Osterloh and Jante, 1992). In the so-
called high-quality regime the pressure gradient, i.e. Vp, is largely
controlled by the superﬁcial velocity of the liquid phase, and gas
superﬁcial velocity has little or no impact onVp. In the low-quality
regime, gas superﬁcial velocity mainly controls Vp. The transition
from high-quality to low-quality regimes occurs in a narrow range
of water saturations in the vicinity of the limiting water saturation
(Alvarez et al., 2001). In the limiting case of an abrupt transition, it
occurs at a single water saturation, Sw* (Ma et al., 2013, 2014).1.2. Implicit-texture foam model
Most foam models are built on the concept of the limiting
capillary pressure, with parameters to tune the sharpness of the
transition from high-quality to low-quality regime (Cheng et al.,
2000; Ma et al., 2014; Lotfollahi et al., 2016). Implicit-texture
foam models assume local equilibrium and represent effects of
foam on gas mobility by representing gas mobility as a function of
phase saturations and other parameters. In this paper we use the
implicit-texture foam model in the STARS simulator (Cheng et al.,
2000; Computer Modeling Group, 2012; Farajzadeh et al., 2012;
Boeije and Rossen, 2015b; Ma et al., 2013, 2014; Van der Meer
et al., 2014). In this model gas mobility is scaled by a function,
FM, when surfactant is present:lfg ¼ lnfg $FM ¼
lnfg
1þ fmmob
Yn
i¼1
Fi
(1)
where lg is the gas mobility and superscripts f and nf represent the
cases with and without foam, respectively. fmmob is the maximum
(or reference) mobility reduction factor that could be achieved by
foamwhen all conditions are favorable. The “Fi” functions in Eq. (1)
reﬂect the effect of different physical parameters such as surfactant
concentration, water saturation, oil saturation (and composition),
capillary number, etc., on foam behavior in porous media. In this
paper we deal with twomobile phases (water and gas) and use only
one of the Fi functions, Fw, i.e. the dry-out function, deﬁned as
Fw ¼ 12þ
1
p
arctanðepdryðSw  fmdryÞÞ (2a)
FM ¼ 1
1þ fmmob Fw (2b)
where fmdry is the water saturation at which foam abruptly ex-
periences massive coalescence: in the limit of large epdry, fmdry is
equivalent to Sw* . Parameter epdry is the parameter that controls the
sharpness of transition from high-quality regime to the low-quality
regime: if epdry is very large the transition is sharp and foam col-
lapses within a very narrow range of water saturation. When epdry
approaches inﬁnity foam coalescence occurs at the single water
saturation (Sw* ) (Zhou and Rossen, 1995).
The total relative mobility is deﬁned as
lrt ¼ krw
mw
þ FM$krg
mg
: (3)
When the total relative mobility upstream is larger than that
downstream, the displacement can become unstable and, thus,
ﬁngering might occur.
The foam parameters used here are presented and discussed in
Appendix A.1.3. Insights from fractional-ﬂow theory
Fractional-ﬂow theory is a useful tool in understanding the
underlying physics of many EOR processes including foam
(Bedrikovetsky, 1993; Lake et al., 2014). Fig. 1 shows an example of
the fractional-ﬂow function, fw, vs. water saturation, Sw, for a foam
process. To calculate fw the relative mobility of the gas has been
represented using Eqns. (1) and (2) and parameters in Table A.1,
Case 1. Considering gas injection into a porous medium initially
saturated with a surfactant solution (initial condition, denoted by I
on Fig. 1), on the path from the injection point (denoted by point J
on Fig. 1), gas displaces the liquid to low water saturations. At a
certain water saturation there is a shock to the initial condition,
because otherwise the rule of increasing velocity moving from J to I
will be violated (Lake et al., 2014). Note that from the water satu-
ration at the shock point to the connate water saturation, the water
fractional-ﬂow function has non-zero (though comparatively
small) values and therefore water still ﬂows. This is shown in
Fig. 1b. However, behind the foam front, foam collapses (partially or
completely) because of the low water saturation, and gas mobility
gradually increases toward the injection well, as shown in Fig. 2.
The abrupt minimum in mobility at the leading edge of the foam
front in Fig. 2 reﬂects a numerical artifact, which reﬂects the
Fig. 1. Fractional-ﬂow function vs. water saturation and solution for displacement when gas (J) is injected into a porous medium initially saturated with surfactant solution (I). To
calculate fw the parameters in Table A.1 (Case 1) have been used. Shown on the right (b) is an expanded view of the left plot (a), showing the values of fw between the shock
saturation (middle red triangle) and connate water saturation (J). The water saturation at the shock is Sw ¼ 0.262, with fw ¼ 0.0085. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 2. Total relative mobility as a function of the distance from the injection point and of water saturation after 0.5 PV of gas injection into a medium fully saturated with surfactant
solution. The left plot is a simulation result; the right plot is based on the fractional-ﬂow function shown in Fig. 1. The shock point is marked by the red square on the right plot. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
R. Farajzadeh et al. / Journal of Natural Gas Science and Engineering 34 (2016) 1191e1204 1193minimum in mobility in Fig. 2a (Rossen et al., 1999; Rossen, 2013).
In a ﬁnite-difference simulation, there is no shock; as foam ad-
vances, each grid block at the front must bass through the mini-
mum in mobility in Fig. 2b as Sw decreases. The depth of the
minimum in Fig. 2a changes with time as the respective grid blocks
pass through the minimum in Fig. 2b. This can result in erroneous
injectivity calculations in numerical simulators (Leeftink et al.,
2015) and leads to ﬂuctuations in injectivity as the foam front
passes successive grid blocks (Namdar Zanganeh et al., 2014; Ma
et al., 2014).
The gradual increase of the gas relative mobility from the
leading edge of the foam bank towards the injection well can lead
to ﬁngering of a highly-mobile gas into the region with low-
mobility gas in the form of foam. The ﬁngering or instability can
occur within the foam bank and not necessarily at the front. This is
especially the case when the collapse of foam behind the shock
front is abrupt or when foam is weak, as will be discussed later in
this paper.There are three key features in Fig. 2: (1) the change in mobility
at the shock leading the foam bank, (2) the increase in mobility as
one moves back to the injection point, (3) and the spurious mini-
mum in mobility in place of the shock. The ﬁrst two features are
physical, whereas the third one is numerical. Here we examine the
roles of these three features in the development of ﬁngering
through several examples.1.4. Instability in porous media
When a ﬂuid displaces another ﬂuid in porous media, the front
is usually perturbed by small-scale microscopic heterogeneities or
by interplay of thermodynamics and interfacial phenomena. The
stability of macroscopic interfaces depends on the overall balance
of the forces acting on the interface, i.e., viscous, capillary, disper-
sive, and gravitational forces. The perturbations can eventually
grow and lead to ﬁngering and bypassing of ﬂuids, if the destabi-
lizing forces dominate the stabilizing forces (Homsy, 1987).
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and computational power, accurate simulation of instabilities in
porous media still remains a challenging task. The main reason is
the small wavelength of the initial ﬁngers: i.e., the grid resolution
required to capture them accurately are beyond the capabilities of
today's reservoir simulators. According to Chuoke et al. (1959) the
wavelength of the fastest growing ﬁnger in an immiscible
displacement (characterized by a sharp interface) in a homogenous
medium can be estimated from
lm ¼ C

kg
ðm1  m2Þðv vcÞ
1=2
(4)
where C is a constant (in Chuoke's analysis ¼ 2
ﬃﬃﬃ
3
p
p), g is the
interfacial tension between the displacing ﬂuid (2) and displaced
ﬂuid (1), m is the viscosity, k is the permeability, and v is the velocity.
The critical velocity vc above which ﬂow is unstable is deﬁned by
vc ¼ kðr2  r1Þg
m2  m1
: (5)
In the absence of gravity and capillarity the only condition of
instability is m2 <m1 and the instability is independent of the in-
jection velocity (i.e., vc ¼ 0). According to Eq. (4), capillary forces
(represented by g) tend to smear out the ﬁngers and therefore act
as a stabilizing force. Dispersive forces have a similar effect, albeit
through a different mechanism. Moreover, the critical wavelengths
of ﬁngers are in the order of millimetres or centimeters for typical
ﬁeld conditions and scales (in orders of km). Another major difﬁ-
culty is the numerical dispersion (result of grid resolution
employed) that is produced by all numerical schemes, whose
magnitude often becomes comparable to or exceeds the physical
dispersion.
According to Eq. (4) larger viscosity difference and higher ve-
locity would result in smaller wavelengths and thus the need for
high-resolution simulations. It is important to realize that Eqns. (4)
and (5) describe the onset of ﬁngering only. Once the ﬁngers are
formed, they propagate according to the pressure ﬁeld in the
porous medium. Moreover, these equations are derived for
perfectly homogenous systems and unrealistic scenarios. In natural
porousmedia, e.g., oil reservoirs, which are typically heterogeneous
and anisotropic, geometries of the interfaces, and the force-balance
calculations will be much more complex. In a heterogeneous ﬁeld,
the permeability ﬁeld dictates the ﬂow regime (Waggoner et al.,
1992; Farajzadeh et al., 2011). For ﬁeld-scale heterogeneities the
ﬂow is termed channelling. The viscous instability that leads to
ﬁngering in homogeneous formations exacerbates channelling in
heterogeneous formations. Moreover, within each channel
ﬁngeringmight also occur depending on the ﬂuid properties (Li and
Lake, 1995).1.5. Objectives
The subject of (possible) ﬁngering of high-mobility gas behind
the front through the low-mobility foam at front in the surfactant
alternating gas (SAG) process has received virtually no attention in
the literature. This can be related to the poor grid resolutions
employed in the numerical simulations and/or their focus on other
parameters fromwhich it has been difﬁcult to infer instabilities. In
particular, water saturation changes little within the foam bank, so
plots of water saturation may not easily illustrate the ﬁngers within
the foam bank. This ﬁngering does have important consequences,
especially if it distorts the foam front. One study (Boeije and Rossen,
2015a) found that ﬁngering within the foam bank distorts injec-
tivity. It is therefore our objective to provide insights into thisimportant subject by using an implicit-texture foam model. In
particular, we focus on the roles of the three features described
above on ﬁngering observed in simulations: mobility control at the
shock, the rise in mobility behind the shock, and the numerical
artifact (deep minimum in mobility) at the shock. The third feature
is not physical, so we seek to determine the extent to which it
suppresses or enhances ﬁngering in simulations of foam SAG
processes.
The structure of the paper is as follows: in Section 2 we describe
the model and assumptions made in the simulations. In Section 3
we discuss the simulation results and the main ﬁndings of this
paper. Finally, Section 4 presents our conclusions.
2. Model description
In this paper, the Shell in-house modular simulator, MoReS (Por
et al., 1989; Regtien et al., 1995), is used to perform numerical
simulation of the SAG injections. The foam model is described in
Section 1.2 and Appendix A. The average permeability is 500 mD,
porosity is 0.20, and the system is assumed to be isotropic (unless
stated otherwise). The model consists of 301  301 gridblocks. To
initiate the instabilities, the permeability ﬁeld was perturbed
modestly with Dijsktra-Parsons’ coefﬁcient (VDP) of 0.1 and corre-
lation length of 0.01 (for details see Bruining, 1992; Bruining et al.,
1997; Farajzadeh et al., 2011, and Figure C.1). The ﬂuids are injected
from the left with a rate constraint and are produced from the right.
The injector and producer are both perforated along the whole
height of the medium. The medium is initially ﬁlled with water, i.e.,
no gas is initially present in the system. In most cases, 1 PV of
surfactant is injected, which then is followed by continuous injec-
tion of the gas at ﬁxed volumetric rate. Surfactant adsorption and
capillary-pressure gradients are ignored in all simulations. The gas
and surfactant solution injection velocity was set to 10 ft/d. The
other model parameters and ﬂuid properties are described in
Appendix A. Relative-permeability functions of the phases were
calculated using the Corey model.
3. Results and discussion
3.1. Case 1: Weak foam e instability at the foam front
The total relative-mobility proﬁle for the weak foam, shown in
Fig. 2, reveals that despite foaming of the gas the shock mobility
ratio is not favorable. Figs. 3 and 4 show the SAG simulation results
for this case, inwhich the gas injection results in formation of weak
foam in the porous medium. The apparent viscosity of gas in this
paper is deﬁned by mgFM; see eq. (2b). At the start of the gas injection,
foam is created at the front, albeit with very low mobility (or very
high apparent viscosity) due to the numerical artifact mentioned
earlier (cf. Fig. 2). With continuous injection of the gas, weak foam
is created behind the region of lowmobility. The apparent viscosity
of gas decreases towards the injection well, similar to Fig. 2.
Because water ahead of gas has lower mobility than the foam dis-
placing it, this situation results in ﬁngering of the gas; thus, the
front becomes unstable. The low-mobility numerical artifact at the
front itself (Fig. 2) is not sufﬁcient to stabilize the front. The general
features of the ﬁngering behavior at the front are quite typical of
instabilities in porous media. The initial number of ﬁngers is
dictated, to a large extent, by the perturbed permeability ﬁeld. The
ﬁngers interact with each other and eventually the number of
ﬁngers is reduced by shielding at the early stages of the process
(suppression of smaller ﬁngers by large and long ﬁngers) and
merging phenomena. The large ﬁngers grow with relatively little
interactions until gas breakthrough. The saturation proﬁle (shown
in Fig. 4) follows a similar pattern to the apparent gas viscosity.
Fig. 3. Logarithm of apparent viscosity of foam (cp) after 0.14, 0.22, 0.37, and 0.52 PV of gas injection for Case 1.
Fig. 4. Water saturation after 0.14, 0.22, 0.37, and 0.52 PV of gas injection for Case 1. The vertical lines show the front position calculated from the fractional-ﬂow theory for each
time step.
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The water saturation decreases to lower values towards the injec-
tion well. The lines on the saturation proﬁle mark the position of
the front calculated using the fractional-ﬂow method (Lake et al.,
2014). A major assumption of fractional-ﬂow theory is the stabil-
ity of the front and therefore there is mismatch between the fronts
of the numerical simulations and those of the fractional-ﬂow the-
ory in this case. The fastest-moving ﬁngers move faster than the
theoretical front, while some undisplaced regions lag behind.3.2. Case 2: Marginal mobility control at the foam front
The success of a SAG process relies on favorable mobility control
at the shock front. Foam dries out behind the shock front towards
the injection well and consequently the total mobility increases to
very high values near the injection well. This in turn improves the
injectivity of the process, which is the main advantage of the SAG
foam over the co-injection foam.
As shown in Fig. 5, the foam parameters for Case 2 were chosen
such that the mobility control at the shock front is (just) main-
tained. For the range of water saturations between the shock and
Sw ¼ Swc ¼ 0.20 the total relative mobility increases by two to three
orders of magnitude.
Figs. 6 and 7 show the logarithm of apparent-foam-viscosity and
water-saturation proﬁles of this case at different times, respec-
tively. Note that throughout the paper, because there is only water
and no foam on the right side of the domain, in the apparent foam
viscosity plots, the inﬁnite foam viscosity was replaced with zero
for plotting purpose only.
Since the mobility at the front is favorable and maintained
during gas injection, foam displaces water in an efﬁcient manner
with a sharp and almost vertical front. Unlike the previous case, this
front remains stable until it reaches the producer. A closer inves-
tigation of the apparent-viscosity plot reveals some interesting
features of the SAG process. The increase in mobility behind the
front does lead to ﬁngering of the gas within the foam bank, even
though the front does not experience instabilities. However, since
there exists enough surfactant ahead of the foam front the mobility
of the “escaped” gas is reduced due to creation of foam at the front.
The instability is extended back towards the injection well due to
continuous change of gas mobility. It is important to emphasize
that the ﬁngering behavior is not easily detected from the plot ofFig. 5. Total-relative-mobility proﬁle after 0.5 PV of gas injection into a medium fully satu
Table A.1. The red square symbol on the right ﬁgure marks the shock water saturation. (For
the web version of this article.)water saturation, because the changes in Sw are small. This may be
one of the reasons this phenomenon has not been observed in the
previous simulationworks on SAG (Shan and Rossen, 2004; see also
2015a, Grassia et al., 2014).
Comparing the position of the front calculated from fractional-
ﬂow theory (lines on the saturation plots) with the simulation re-
sults reveals that despite the ﬁngering behavior behind the front
and within the foam bank, the velocity of the front is not affected
signiﬁcantly, indicating a relatively stable displacement front (see
also Boeije and Rossen, 2015a).
3.3. Case 3: More favorable mobility control at the front and less
rise in mobility back to the injection well
In Case 3, the parameters were chosen such that the relative
mobility of the front was more favorable; however, the mobility at
the injection well is still about two orders of magnitude greater
than that of the front. This was achieved by changing the epdry
value in the foam model in eq. (2a). Reducing the value of epdry
leads to a smaller increase in the mobility from the front towards
the injectionwell (cf. Figs. 2, 3 and 8). Moreover, for Case 3, relative
mobility of the gas at the injectionwell is lower than that of Case 2.
As in Case 2, because the mobility of the front is maintained during
gas injection, foam displaces the in-situ ﬂuid in a stable manner
until gas breakthrough. Furthermore, instabilities still occur within
the foam bank. Compared to Case 2, the extent of the ﬁngering
within the foam bank is less signiﬁcant (see Fig. 9). The occurrence
of ﬁngering within the foam bank reﬂects the increase in mobility
back to the injection well. Similar to Case 2, the saturation front is
also distorted, which will be discussed in the next section (see
Fig. 10)
3.4. Case 4: Low mobility at the injection well with favorable
mobility control at the front
Case 4 was designed such that the mobility at the front is
favorable and the relative mobility in the vicinity of the injector
always remains lower than that downstream of the foam front
(Fig. 11). Mobility at the injectionwell is about 10 times higher than
that just behind the front. This was achieved by changing the epdry
value in the foam model. Fig. 12 illustrates the saturation and
apparent viscosity proﬁles after 0.53 PV of gas injection. Bothrated with surfactant solution, calculated on the basis of the parameters for Case 2 in
interpretation of the references to colour in this ﬁgure legend, the reader is referred to
Fig. 6. Logarithm of the apparent foam viscosity (cP) after 0.14, 0.22, 0.37, 0.53, 0.69, and 0.84 PV of gas injection for Case 2.
Fig. 7. Water saturation proﬁle after 0.14, 0.22, 0.37, 0.53, 0.69, and 0.84 PV of gas injection for Case 2. The vertical lines mark the front position calculated from fractional-ﬂow
theory.
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Fig. 8. Total-relative-mobility proﬁle after 0.5 PV of gas injection into a medium fully saturated with surfactant solution, calculated on the basis of parameters presented for Case 3
in Table A.1.
Fig. 9. Logarithm of apparent foam viscosity (cP) after 0.14, 0.22, 0.37, 0.53, 0.69, and 0.84 PV (from top left to bottom right, respectively) of gas injection for Case 3.
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creases from the front towards the inlet, the effect of ﬁngering is
insigniﬁcant. Stabilization against ﬁngering depends on physical
and numerical dispersion, and may vary in other situations. One
can conclude from this case, however, that reducing the mobility
contrast between the well and the foam front reduces the extent of
ﬁngering within the foam bank. Compared to the previous cases,
the foam front also remains stable, indicating the front distortions
in the previous cases were results of the instabilities behind thefront.3.5. Case 5: High mobility at the injection well without numerical
artifact
In the simulations of Case 2 and Case 3, the ﬁngers within the
foam front appear to crash into the leading shock, with only small
distortions of the front itself. The question then arises whether the
disturbance of the front is suppressed by the numerical artifact
Fig. 10. Water saturation proﬁle after 0.14, 0.22, 0.37, 0.53, 0.69, and 0.84 PV (from top left to bottom right, respectively) of gas injection for Case 3. The lines mark the front position
calculated from fractional-ﬂow theory.
Fig. 11. Total-relative-mobility proﬁle after 0.5 PV of gas injection into a medium fully saturated with surfactant solution, calculated on the basis of parameters presented for Case 4
in Table A.1.
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result of viscous instability within the foam bank. Moreover, it is
possible that the numerical artifact giving lowmobility at the shock
could increase the extent of ﬁngering within the foam bank. To
answer this question, we performed a repeat of Case 3 where there
is no shock, and therefore no numerical artifact at the shock: we set
the initial water saturation of the porous medium Swi to 0.2896, thewater saturation behind the shock in Case 3. The other parameters
were the same as in Case 3, and consequently the mobility up-
stream and downstream of the front were the same.
Fig. 13 compares apparent gas viscosity at 0.53 PV gas injection
for Cases 3 and 5. The extent of ﬁngering is similar in the two cases.
This suggests that the ﬁngering is neither suppressed not enhanced
greatly by the numerical artifact at the foam front. It arises from
Fig. 12. Proﬁles of logarithm of foam apparent viscosity (cP) (left) and water saturation (right) for Case 4 after 0.53 PV of gas injection.
Fig. 13. Proﬁles of logarithm apparent foam viscosity (cP) for Case 5 (left) and Case 3 (right) after 0.53 PV of gas injection.
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injecting higher-mobility gas than the foam it displaces. This agrees
with the implication of Case 1, where the numerical artifact at the
shock did not suppress ﬁngering when the front itself had no
mobility control.4. Processes with graded mobility control
Our simulation results are of relevance for design of other EOR
processes for which graded mobility control is considered. For
example, grading (or tapering) injected polymer concentration over
time has been suggested as a means of reducing the cost of polymer
ﬂooding (Claridge, 1978; Ligthelm, 1989). This cost reduction is
achieved by reducing polymer concentration in steps over the
period of injection. However, we infer from our results that viscous
instabilities can also occur within the polymer slug itself, and
negatively affect the process efﬁciency. In such a process, disper-
sion plays an important role in the stability of the front and
determining the optimum slug size and its polymer concentration
(Prouvost and Quintard, 1987). In general, to achieve a favorable
stabilization large quantity of the added substance is required
(Gorell and Homsy, 1985). In a miscible displacement, the graded
viscosity increase (due to dispersion and spreading of the solvent)
can also be a factor in better-than-expected recovery of solvents
(Koval, 1963). In such systems, stability depends on thewidth of the
mixing zone (Loggia et al., 1999; Kueper and Frind,1988). Moreover,
In a SAG process, especially when the gas is immiscible, mixing of
ﬂuids does not play an important role in the stability of process,
although dispersion will be an important factor in transport of thesurfactant, which may inﬂuence foam strength and hence the
overall stability of the process. Instead, it is the extent of foam
collapse behind the front that dictates the ﬂow regime (ﬁngering,
channeling or dispersive; Waggoner et al., 1992), even in a rela-
tively homogeneous medium. Moreover, the optimum slug size in
the design of a SAG process might be inﬂuenced by ﬁngering
behavior. We expect that low resolution in simulations away from
the injection well leads to overestimation of both injectivity and
sweep efﬁciency (Poor grid resolution near the injection well leads
to massive underestimation of injectivity (Leeftink et al., 2015))
This is in contrast to what Juanes and Blunt (2007) concluded, i.e.,
that, for a 1-D homogeneous porous medium, the optimum WAG
ratio is not signiﬁcantly inﬂuenced by viscous ﬁngering. However,
they recommended injecting more solvent than predicted by the-
ory tominimize the effect of ﬁngering on ultimate oil recovery. This
phenomenon should be investigated further for SAG processes in
order to reach to a more conclusive result.5. Conclusions
 In a SAG process, the ﬁngering of highly-mobile gas into the
regions with low-mobility foam may be inevitable depending
on the properties of the designed foam.
 The instabilities may not be visible in simulations with poor grid
resolutions or those relying on saturation plots.
 Fingering is reduced if the total mobility close to the injector is
closely matched to the mobility downstream of the foam front.
Injectivity suffers in this case, however.
R. Farajzadeh et al. / Journal of Natural Gas Science and Engineering 34 (2016) 1191e1204 1201 The instabilities within the foam bank may modestly distort the
foam front, even when the mobility ratio at the front is
favorable.
 This ﬁngering derives from viscous instability in the foam bank,
not the numerical artifact causing extremely low values of
mobility at the foam front.
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Appendix A. Model Parameters
Parameter values used in the cases examined in the text are
given in Table A.1, and reservoir parameters in Table A.2.
The key issues for ﬁngering the mobility ratio at the shock, the
shape of the fractional-ﬂow curve behind the shock (i.e., the rise in
mobility back to the injection well) and the extremely low mobil-
ities skipped over by the shock (leading to the numerical artifact atTable A.1
Foam-model and fractional-ﬂow function parameters
Parameter Case 1 Cases 2 Case 3 Case 4 Case 5
fmmob 1.8  104 2.5  104 2.5  104 2.5  104 2.5  104
fmdry 0.268 0.29 0.29 0.29 0.29
epdry 1.0  105 1.0  105 1.0  104 1.0  102 1.0  104
krw0 0.20 0.20 0.20 0.20 0.20
krg0 0.94 0.94 0.94 0.94 0.94
Swc 0.20 0.20 0.20 0.20 0.20
Sgc 0.05 0.20 0.20 0.20 0.20
Swi 1.0 1.0 1.0 1.0 0.289
nw 2.0 4.2 4.2 4.2 4.2
ng 1.8 1.3 1.3 1.3 1.3
mw 0.65 [cP] 1.0 [cP] 1.0 [cP] 1.0 [cP] 1.0 [cP]
mg 0.05 [cP] 0.02 [cP] 0.02 [cP] 0.02 [cP] 0.02 [cP]
rw 985 [kg/m3] 985 [kg/m3] 985 [kg/m3] 985 [kg/m3] 985 [kg/m3]
rg 100 [kg/m3] 100 [kg/m3] 100 [kg/m3] 100 [kg/m3] 100 [kg/m3]
Table A.2
Reservoir properties
Parameter Value
Height 1 [ ¼ ] m
Width 1 [ ¼ ] m
Length 1 [ ¼ ] m
Permeability 500 [ ¼ ] mD
Porosity 0.20
Initial pressure 50 [ ¼ ] barthe front shown in Fig. 2a). Several studies of fractional-ﬂow curves
at extremely small fw report the range of mobilities at the shock and
spreading wave behind the shock illustrated here (Kibodeaux and
Rossen, 1997; Wassmuth et al., 2001; Xu and Rossen, 2004; Ma
et al., 2013; Rossen et al., 2014; Boeije, 2016). There is some ques-
tion whether there can be an abrupt jump to another foam state as
fw decreases (Kibodeaux and Rossen, 1997). If so, the same
fractional-ﬂow analysis would apply (Rossen and Bruining, 2007),
though it would correspond to an unsuccessful SAG ﬂood with
worse instability than in Case 1. This issue is still under study
(Boeije, 2016); the success of SAG foam processes in the ﬁeld, noted
in the Introduction, suggests that this is at least not a universal
phenomenon.
Many studies report extremely low mobilities at intermediate
water fractional ﬂow (Osterloh and Jante, 1992; Zhou and Rossen,
1995; Alvarez et al., 2001; Ma et al., 2013; Boeije and Rossen,
2014), the origin of the numerical artifact at the foam front in
ﬁnite-difference simulation. Thus the occurrence of extremely low
mobilities is physical, but its role at the leading edge of the gas front
in simulations is a numerical artifact of ﬁnite-difference simulation.
There is a shock front from initial state I to the point of tangency to
the fractional-ﬂow curve, skipping over these low mobilities. They
would appear physicallywithin the thin travelingwave at the shock
front (Zhou and Rossen, 1995; Ashoori et al., 2011). In a ﬁnite-difference simulation, however, each individual grid block must
pass through this region of low mobility; in effect, the traveling
wave cannot be narrower than one grid block. This greatly mag-
niﬁes the effect of this lowmobility on the displacement, especially
in SAG displacements (Rossen et al., 1999; Namdar Zanganeh et al.,
2014; Rossen, 2013; Ma et al., 2014). Shan and Rossen (2004), who
did not notice ﬁngering within the foam bank, report that this
numerical artifact can by itself stabilize a SAG ﬂood against gravity
override even with a foam that completely collapses directly
behind the shock.
Thus the sort of behavior noted here is well-attested in the
literature. The speciﬁc cases studied here are intended to illustrate
the roles of mobility at the shock, rise in mobility behind the shock,
and minimum in mobility in saturations skipped over in the shock.
Case 1 is loosely based on a ﬁt Farajzadeh et al. (2015) to the data of
Moradi-Araghi et al. (1997) for foam in a 550-md core, with
parameter epdry adjusted to a lack of mobility at the foam front. The
other cases are based on the ﬁt of Rossen and Boeije (2015) to data
of Persoff et al. (1991), with epdry adjusted to give different mo-
bilities at the shock, rise in mobility behind it, and minimum in
mobility skipped by the shock.Appendix B. Effect of grid resolution on simulations for
Case 2
To investigate the effect of grid resolution on the simulations
were run with different grid sizes as illustrated below. It can be
concluded that some heterogeneity levels should be introduced to
the geological model in order to initiate the instabilities. In the
homogeneous case (the top row ﬁgures) ﬁngers start to develop at a
much later time, which could be the proof that the instabilities are
indeed physical based. As expected the number of initiated ﬁngers
increases with increasing grid resolutions. The simulations pre-
sented in the text are based on 301  301 grid blocks.
Figure C.1. Foam apparent viscosity (left) and water saturation (right) proﬁles for Case 2: from top to bottom: 51  51 gridblock without perturbation in permeability ﬁeld
(homogeneous case), 21  21 with perturbation, 51  51 with perturbation, 301  301with perturbation (VDP ¼ 0.1 and correlation length ¼ 0.01 in both directions).
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